Encapsulated electrospun nanofibers can serve as an artificial dura mater, the membrane that surrounds the brain and spinal cord, due to their desirable drug delivery properties. Such nanofiber scaffolds can be used to deliver drugs such as glial cell-derived neurotrophic factor (GDNF). GDNF promotes the survival of both dopaminergic and motor neurons, making it an important target for treatment of central nervous system injuries and disorders. This work focuses on designing a novel class of encapsulated poly(e-caprolactone) (PCL) nanofiber scaffolds with different topographies (random and aligned) that generate controlled release of GDNF to potentially serve as a suitable substitute for the dura mater during neurosurgical procedures. Random and aligned scaffolds fabricated using solution electrospinning were characterized for their physical properties and their ability to release GDNF over one month. GDNF bioactivity was confirmed using a PC12 cell assay with the highest concentrations of released GDNF (B341 ng mL À1 GDNF) inducing the highest levels of neurite extension (B556 mm). To test the cytocompatibility of aligned GDNF encapsulated PCL nanofibers, we successfully seeded neural progenitors derived from human induced pluripotent stem cells (hiPSCs) onto the scaffolds where they survived and differentiated into neurons. Overall, this research demonstrates the potential of such substrates to act as artificial dura while delivering bioactive GDNF in a controlled fashion. These scaffolds also support the culture and differentiation of hiPSC-derived neural progenitors, suggesting their biocompatibility with the cells of the central nervous system.
Introduction
The dura mater consists of a thick membrane that covers the brain and spinal cord, where it serves as a barrier to ensure that the cerebrospinal fluid remains in the central nervous system (CNS). 1, 2 This membrane can be damaged by trauma to the brain or spinal cord. 3, 4 Autografts are commonly used to repair such damaged regions of the dura during surgery since they do not initiate immunologic reactions. 5 However, autografts require an accessible site and an additional operation for obtaining a healthy region of the dura. A promising alternative to traditional autografts is implanting a suitable substrate to act as an artificial dura to preserve the spinal cord after surgery. Many synthetic and natural materials are employed in neurosurgery to repair dural defects. 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Advances in biomaterials have led to the development of new artificial duras with some of these materials being translated from preclinical models to clinical trials. For instance, Esposito et al. have developed substitutes out of collagen and no toxicity was observed after implanting such substrates in 208 patients. 2 Yamada et al. have used bioadsorbable poly(glycolic acid) (PGA) nonwoven polymer composite sheets for similar studies with no reported risk of inflammation after 35.5 months in 53 patients. 6 In addition to the aforementioned options, commercially available artificial duras made from PGA and L-lactide and e-caprolactone (P(LA/CL)) copolymer films exist as well.
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Although major advances have been made in using synthetic polymers to fabricate artificial duras, 6, 9, 12, 15, 16 these scaffolds do not accurately capture all of the biological functions of the dura. 19 For example, there is no biocompatible substitute that delivers proteins, such as neurotrophic factors, to further enhance functionality. Neurotrophic factors regulate and promote the differentiation, growth, and survival of neurons. 20 Expressed in the CNS, glial derived neurotrophic factor (GDNF) promotes the survival of motor and dopaminergic neurons, making it a promising therapeutic for the treatment of neurological disorders. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In particular, we selected GDNF over other neurotrophic factors as it promotes the survival of multiple types of neurons, which increases its potential relevance for clinical applications. 31, 32 Therefore, the encapsulation of GDNF within artificial duras could be used to treat different CNS disorders where this membrane has been disrupted. As discussed, polymeric substrates can be used to repair defects of the dura as demonstrated in pre-clinical and clinical trials. [7] [8] [9] Polymeric nanofibers offer a number of advantages over other substrates such as synthetic films, including the ability to control the diameter of nanofibers, altering scaffold porosity, and the ability to tailor mechanical properties by changing topographical properties. Nanofiber scaffolds can be fabricated using solution electrospinning where an applied electric field stretches out fibers from a polymer solution. 33, 34 Such substrates can also be encapsulated with growth factors to act as biologically active materials. 29 Previous studies focused on the encapsulation of different drugs into electrospun nanofibers and characterizing the resulting release rates from the nanofibers. [35] [36] [37] [38] [39] [40] [41] [42] For example,
Valmikinathan et al. showed the sustained release of bovine serum albumin (BSA) and nerve growth factor (NGF) from poly(e-caprolactone) (PCL) nanofibers after 28 days. 43 Leong and co-workers reported that aligned poly(e-caprolactone)-co-(ethyl ethylene phosphate) (PCLEEP) nanofibers could release GDNF for up to two months in vitro. 44 Mohtaram et al. showed
that PCL nanofibers could generate controlled release of retinoic acid (RA), a small molecule that regulates neurogenesis. 45 In related work, radially aligned PCL nanofibers could be used as substrates for culturing dural fibroblast cells as a promising approach to developing a novel artificial dura as they could promote cellular migration and population compared to randomly aligned nanofibers. 9 A different study showed that aligned electrospun scaffolds could direct neurite outgrowth from embryonic stem cell derived neurons, which may be desirable when promoting regeneration of damaged neural tissue. 46 More recently, Mohtaram et al. have shown that RA encapsulated aligned PCL nanofibers are able to direct the neuronal differentiation of mouse induced pluripotent stem cells. 47 Although it has been shown that fibrous structures could play a key role in the development of artificial dura, electrospun scaffolds with a porous structure can be further functionalized with specific proteins or encapsulated with neurotrophic drugs to introduce a better class of artificial dura substrates. This study focuses on designing a novel biocompatible GDNF releasing artificial dura with aligned topography. In this study, we fabricated and characterized encapsulated PCL-BSA and PCL-BSA-GDNF nanofiber scaffolds with varied topographies (random and aligned) that could serve as an artificial dura. To further enhance the clinical relevance of our work, these scaffolds were fabricated with human GDNF protein produced through good manufacturing practices provided by MedGenesis Therapeutix. A release study was performed to determine the kinetics of protein release from these scaffolds over a 30 day time period and the released GDNF was confirmed to be bioactive using a PC12 cell differentiation assay. Finally, neural progenitors derived from human induced pluripotent stem cells (hiPSCs) were seeded upon the aligned PCL-BSA-GDNF nanofibers to determine if such scaffolds could support stem cell culture and neuronal differentiation. These scaffolds supported cell adhesion and neuronal differentiation of hiPSC-derived neural progenitors. This study represents an important step in developing such biomaterial scaffolds for use as an artificial dura.
Results and discussion

Fabrication and characterization of encapsulated nanofibers
We fabricated blank PCL, PCL-BSA, and PCL-BSA-GDNF nanofibers scaffolds with random and aligned topographies used a previously published solution electrospinning set-up. 47 The thickness of these scaffolds could vary between to 20 to 30 mm depending on the electrospinning process time and the type of topography. By tuning the solution electrospinning parameters such as collecting distance, applied voltage, and the drum speed, we could successfully fabricate nanofibers scaffolds with varied topographies with a very porous structure without any polymer beads or protein agglomeration. Parameters for fabricating nanofiber scaffolds with varied topographies are given in Table 1 . We have previously shown that the degree of alignment of blank and RA-containing electrospun nanofibers can be improved significantly using a rotating drum. 45 Random and aligned electrospun PCL-BSA nanofibers were fabricated at 15 kV and 12 kV applied voltage respectively and their structure has shown a very fine beadfree morphology at these aforementioned voltages. Scanning electron microscopy (SEM) images of both topographies for each type of scaffold are shown in Fig. 1 . The morphology of random and aligned blank PCL nanofibers is shown in Fig. 1A and B respectively. For random blank PCL nanofibers, the average fiber diameter measured was 358.62 AE 95.42 nm (n = 100) and for aligned blank PCL nanofibers, the average diameter measured was 202.25 AE 145.87 nm (n = 100). Fig. 1C and D represent the morphology of random and aligned PCL-BSA nanofibers respectively. The average fiber diameter for random and aligned PCL-BSA nanofibers was 625.87 AE 240.48 nm (n = 100) and 429.57 AE 152.37 nm (n = 100). Fig. 1E and F show the topography of the random and aligned electrospun PCL-BSA-GDNF nanofibers Critical to the design of encapsulated electrospun nanofibers is the production of a bead free, smooth morphology. Our random and aligned blank PCL, PCL-BSA and PCL-BSA-GDNF nanofiber scaffolds had excellent bead-free structures. Due to a tensile force induced by the rotating drum, the aligned nanofibers tend to be stretched uniaxially along the flow direction which results in the aligned nanofibers being thinner when compared to the random nanofibers. Significant difference was observed in fiber diameter between random and aligned nanofibers for PCL-BSA-GDNF scaffolds. The same behaviour was seen for blank PCL nanofibers, however, no significant difference was observed between random and aligned PCL-BSA nanofibers. For aligned PCL-BSA-GDNF scaffolds, the average fiber diameter measured was 247.78 AE 124.66 nm (n = 100) and for random scaffolds the average diameter was 525.42 AE 193.32 nm (n = 100). For all nanofibers, the fiber diameter changed along each individual fiber so the fibers had non-uniform diameters. Controlling the uniform distribution of fiber size is very challenging. For instance, Yoshimoto et al. reported a broad fiber diameter distribution for PCL nanofibers (400 nm AE 200 nm). 48 This variation in diameter may be due to the fast phase separation of PCL and the uncontrollable evaporation of volatile solvent during electrospinning. Controlling this variation will be even more difficult when proteins are encapsulated into nanofibers. For instance, it has been reported that encapsulation of NGF inside PCL nanofibers yielded nanofibers with a large fiber diameter distribution (548.89 AE 214.37 nm). 43 Valmikinathan et al. have hypothesized that this variation in diameter happened due to the phase separation of PCL and NGF. 43 The variation in fiber diameter can have a significant role in determining mechanical properties. These mechanical properties, including elastic modulus and strain at break, are highly dependent on the fiber diameter. For instance, Ko et al. have shown that the strain at break increased when the fiber diameter decreased. 49 On the other hand, the elastic modulus increased with fiber diameter. In addition to fiber diameter, the porosity of electrospun scaffolds plays a key role in determining the mechanical properties. In the same study, our group showed that varying the porosity range from 75 to 92% led to significant changes in yield strength from 0.457 to 1.886 MPa. 49 In addition to controlling the distribution of fiber size, the degree of alignment and fiber densities are interesting parameters to investigate particularly in cell-based studies since the physical three-dimensional environment has such a great effect on the growth of such cells. For instance, Park et al., have fabricated PCL nanofibers with controlled degree of alignment along fiber densities and where able to quantify the degree of alignment by using an elongation factor. 50 The thickness of natural dura will depend on the sex and age of human being, and the natural dura consists of different parallel plates with varied thickness. Each layer ranges between 5-8 mm in thickness. Depending on type of the nanofibers produced (random/aligned and blank/encapsulated) the thickness of our scaffolds will vary between 20 to 30 mm. Additionally, we can spin different layers of nanofibers to make artificial duras with varied thicknesses. The approximate thickness of the naturally occurring dura is around 270 mm. 
Encapsulation efficiency and release study
We were able to encapsulate BSA and GDNF inside bead-free PCL-BSA and PCL-BSA-GDNF nanofibers with different scaffold topographies with varying efficiencies (Table 2 ). The encapsulation efficiency of BSA inside random nanofibers (54.3 AE 3.3%) was significantly higher than aligned PCL-BSA scaffolds (42.2 AE 4.5%). For random PCL-BSA-GDNF nanofibers the measured encapsulation efficiency of GDNF was 31.6 AE 2.4% and for aligned PCL-BSA-GDNF nanofibers the encapsulation efficiency was 27.5 AE 3.7%. No significant difference was observed in encapsulation efficiencies between random and aligned nanofibers. Chew et al. have shown that the encapsulation efficiency of NGF inside their PCLEEP nanofibers was very low which might be due to the immiscibility of NGF in the protein aqueous phase with PCLEEP solution phase. 44 The percentage of BSA released over time is shown in Fig. 2A for both random and aligned PCL-BSA nanofiber scaffolds. At the end of a 30 day release study, random PCL-BSA nanofibers released around 30% of the total loaded BSA while aligned PCL-BSA nanofibers released around 40% of the total loaded BSA. Fig. 2B represents the release data for random and aligned nanofibers. Controlled release of GDNF from random and aligned PCL-BSA-GDNF nanofibers was characterized over 30 days as well (Fig. 2B) . Within 2 days, 0.64 AE 0.14% of GDNF was released from the aligned PCL-BSA-GDNF nanofibers. This amount was greater than the amount released by random nanofibers (0.22 AE 0.01%). By the end of the study, random PCL-BSA-GDNF scaffolds released 4.1 AE 0.4% of its encapsulated GDNF and aligned PCL-BSA-GDNF scaffolds had a cumulative release of 8.17 AE 0.4% of its encapsulated GDNF. GDNF was released at an average rate around 0.28% and 0.15% every other day for the aligned and randomly oriented PCL-RA scaffolds respectively. There was a significant difference between the release data at each day for the random and aligned scaffold nanofibers ( p o 0.05).
Encapsulated electrospun nanofibers not only provide a membrane structure with controllable porosity, but can also improve the design of current artificial dura through controlled release of neurotrophic drugs. Biocompatible polymers can be used to fabricate drug delivery systems for providing controlled release of neurotrophic factors. 29 Such nanofibers with high levels of encapsulation efficiencies have shown to provide the controlled release of small molecules and also various proteins while allowing tailored topographies. 29, 39, 43, 45, 53 We have previously encapsulated the small molecule RA inside PCL nanofibers using solution electrospinning to fabricate random and aligned encapsulated nanofibers. 45 Our previous data showed that 8.6%, and 18% of RA was released from aligned and random PCL nanofibers respectively over a month. In this paper, we could successfully encapsulate BSA and GDNF inside random and aligned electrospun nanofibers. Our data showed controlled release of BSA and GDNF over a month. Our PCL-BSA nanofiber scaffolds were able to provide around 40% and 30% release of BSA from aligned and random nanofibers respectively. Similarly, Valmikinathan et al. have reported almost the same amount of BSA release (B50%) from their nanofibers. 43 However, they have not studied the effect of topography on BSA release from such scaffolds. Our work has shown that the random PCL-BSA nanofibers released a maximum BSA amount of 0.5 mg on day 30 of release studies while aligned PCL-BSA nanofibers released a maximum of 0.6 mg BSA on day 30. Madduri et al. used electrospun nanofibers made from a natural biomaterial, silk fibroin, to encapsulate GDNF with varied topographies. 37 To our knowledge, we are the first group to develop synthetic encapsulated PCL-BSA-GDNF nanofibers with varied topographies. In order to produce more uniform and higher encapsulated nanofibers, while preserving the bioactivity of GDNF, we co-encapsulated the growth factor with BSA inside the nanofibers. BSA has shown to act as a carrier protein to preserve bioactivity during the solution electrospinning process. 43 Overall, the PCL-BSA aligned nanofibers showed 118% more release than the randomly oriented fibers and this amount was around B200% when comparing PCL-BSA-GDNF nanofibers to PCL-BSA-GDNF random nanofibers. This indicates that these scaffolds generate quicker release while having aligned topography for tissue engineering applications. One possible explanation for this observation is that the aligned nanofibers were thinner, creating a larger surface area for release compared to random nanofibers in our previous work, our group showed that the release of RA from random fibers was more rapid compared to aligned nanofibers. In this case, the randomly nanofibers were thinner than the aligned nanofibers, suggesting that nanofiber diameter plays an important role in controlling release. 47 Additionally, the rate of protein delivery from aligned nanofibers was similar to the release rate of GDNF from PCL microspheres. 45 In the future, using coaxial electrospinning may be an alternative strategy to increasing the encapsulation efficiency of protein loading into nanofiber scaffolds.
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Kinetics of neurite outgrowth of PC12 cells in response to released GDNF
The bioactivity of released GDNF from random and aligned PCL-BSA-GDNF nanofibers was evaluated using PC12 cells, which differentiate and extend neurites in response to bioactive GDNF. Cells were exposed to GDNF washes from day 10 for random and aligned PCL-BSA-GDNF nanofibers, corresponding to 172 ng mL À1 (B1.5%) and 341 ng mL À1 (B3%) and also day 30 for random and aligned PCL-BSA-GDNF nanofibers, corresponding to 23 ng mL À1 (B4%) and 14 ng mL À1 (B8%). Fig. 3 shows representative images of neurite extensions observed at 10Â magnification of cells exposed to the released GDNF from both random and aligned nanofibers. The GDNF released from random and aligned PCL-BSA-GDNF nanofibers at day 30 provided enhanced neurite extension from PC12 cells ( Fig. 3C and D) compared to the negative control where no GDNF was present (Fig. 3A) . Fig. 4 shows the kinetics of neurite differentiation from PC12 cells in the presence of GDNF for different dosages and topographies. The GDNF released for both day 10 (B341 ng mL À1 GDNF) The total amount of released BSA was 3.3 mg from random nanofibers and 3.6 mg from aligned nanofibers. The total amount of encapsulated BSA inside random and aligned nanofibers was 11 mg and 9 mg respectively. (B) In vitro cumulative GDNF release from random and aligned PCL-BSA-GDNF nanofibers. By the end of study, 0.5 mg of GDNF from aligned and 0.28 mg of GDNF from random fibers were released. The total amount of encapsulated GDNF inside random and aligned nanofibers was 7 mg and 6 mg respectively the release data at each day between the random and the aligned nanofibers were significantly different for each set of encapsulated nanofibers (*p o 0.05 compared to release at the same time point).
Standard deviations are shown (n = 3). 
View Article Online
and day 30 (B23 ng mL À1 GDNF) washes from the random and aligned PC-BSA-GDNF nanofibers initiated the neurite outgrowth of PC12 cells with an approximate length of 300 mm after the first 12 hours of seeding. Fig. 4A shows that the maximum neurite length (B523 mm) for random PCL-BSA-GDNF nanofibers was observed after 96 hours for day 10 of wash (B172 ng mL
À1
). Fig. 4B shows that the maximum neurite length (B556 mm) was observed after 216 hours for day 10 of wash (B341 ng mL À1 GDNF) for the aligned PCL-BSA-GDNF nanofibers. Overall, the released GDNF from aligned PCL-BSA-GDNF nanofibers induced the maximum neurite outgrowth from PC12, where this highest neurite outgrowth was induced from the highest concentration of GDNF (B341 ng mL À1 GDNF) subsequently. Due to the lower concentration of GDNF washes at 30 (B23 ng mL À1 for random and B14 ng mL À1 for aligned nanofibers), PC12 cells showed a shorter neurites compared to day 30 of wash for both set of nanofibers. Our data confirms that after 30 days, the released GDNF is still bioactive. Another study demonstrated even longer release of GDNF (B56 days). 55 The doses of GDNF being delivered are within the therapeutic range and can be safely tolerated by neural tissue. 57 
Neurite length analysis
We quantitatively assessed the bioactivity of released GDNF using PC12 cells. After 10 days of culture following exposure to day 10 and 30 washes, we measured the maximum neurite length and also the percentage of cells extending neurites for both random and aligned nanofibers. Fig. 5A shows the maximum neurite length in total cells for washes on days 10 and 30 for both random and aligned PCL-GDNF nanofibers. There was a significant difference between washes on day 10 and day 30 for random GDNF nanofibers. There was no significant difference between the percentage of cells extending neurites for random and aligned PCL-BSA-GDNF nanofibers for day 10 and 30 washes. Despite the advantages of using solution electrospinning to fabricate nanoscale drug delivery systems, one of the main biological concerns is using toxic solvents such as hexafluoroisopropanol (HFIP). In order to prove that the encapsulated GDNF has not been denatured in the presence of HFIP, we evaluated the bioactivity of released GDNF random and aligned electrospun nanofibers by quantitative and qualitative assays. We studied the neurite kinetics over 10 days for different washes of GDNF when exposed to PC12 cells to further understand the effect of dosage and time on neurite outgrowth length from such cells. GDNF washes (day 10 and 30) from the both random and aligned PCL-BSA-GDNF nanofibers were observed to initiate PC12 neurite outgrowth after 12 hours of seeding. Day 10 of GDNF wash (B341 ng mL
À1
) samples from random nanofibers yielded longer neurite extensions compared to day 30 of GDNF wash (B23 ng mL À1 ), and this amount was not significantly different compared to the positive controls, indicating the potential of such nanofibers to serve as a possible device for GDNF delivery. The same behaviour has been demonstrated for the aligned nanofibers as well showing the effect of concentration on the neurite length (Fig. 5A) . For all cases, the experimental groups and the positive controls where significantly different from when no GDNF was present. Moreover, these GDNF concentrations are therapeutically effective in enhancing axonal regeneration. 55, 56 The percentage of cells extending neurites compared to no GDNF (negative control) was not statistically different between random and aligned nanofibers for day 10 and day 30 of washes ( Fig. 5B) . Although the released GDNF has been shown to be bioactive, we believe that there is still a possibility that a fraction of the GDNF bioactivity may have been be lost due to the exposure to a strong organic solvent. Day 30 wash (B23 ng mL
) yielded neurite extension comparable to 25 ng mL À1 of soluble GDNF, however, the higher concentration (B173 ng mL
) wash did not produce a greater neurite extension as expected. Instead, the resulting extension was also comparable to the positive control suggesting some degree of loss in bioactivity. Therefore, possible alternative strategies to provide better bioactivity should be investigated. Evaluating the compatibility of aligned GDNF nanofibers with hiPSCs culture and differentiation
These encapsulated nanofiber scaffolds are designed to serve as a novel class of artificial duras, which will interact with neural cells in an in vivo setting. In order to investigate the compatibility of such scaffolds with neural cells, we cultured neural progenitors derived from hiPSCs onto scaffolds and aimed to differentiate them into neurons. HiPSCs-derived neural progenitors attached to these nanofibers and neuronal differentiation was observed after 12 days of culture. Fig. 6 shows the differentiation of neural progenitors into neurons when seeded upon such scaffolds. Fig. 6A shows a bright field image of an individual neural progenitor. Fig. 6B shows the neuronal differentiation of such cells. These images verify that such scaffolds could support the neuronal differentiation of hiPSCs-derived neural progenitors. Our work shows that GDNF encapsulated nanofibers supported the attachment and differentiation of hiPSCs into neurons. In order to preserve the bioactivity of GDNF, we co-encapsulated GDNF with BSA which is an animal-derived protein. Future studies should use human-derived proteins as a carrier alongside GDNF to replace BSA for future studies. Another approach could be to use a core-shell electrospinning technique in which human GDNF can be safely dissolved in water-soluble polymers without the use of toxic solvents where there may be a potential risk of protein denaturation.
Overall, this work demonstrates the promising potential of GDNF aligned electrospun nanofiber scaffolds fabricated via solution electrospinning for neural drug delivery and tissue engineering applications. Such scaffolds were successfully presented the controlled release of bioactive GDNF over 30 days. In the future, the effects of aligned scaffolds and controlled delivery of GDNF from such scaffolds on enhancing neural differentiation of pluripotent stem cells will be studied.
Experimental
Materials
Poly(e-caprolactone) (PCL, M n B 45 000) (PCL), bovine serum albumin (BSA) (M w 66 kDa, lyophilized powder) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,1,1,3,3 
Fabrication of encapsulated nanofibers
400 mg of PCL was added to 5 mL of HFIP to make 8% (w/v) solution which was mixed overnight. Then 50 mg of BSA was added for day 2 of mixing to make the final PCL-BSA (80 : 20) solution. 107 mL of the GDNF stock solution (9.3 mg mL À1 ) was added to make a homogenous solution resulting in a theoretical loading level of 0.22 wt/wt% GDNF in the polymer solution. The solution electrospinning setup used for the fabrication of encapsulated nanofibers was previously reported. 45 The PCL, PCL-BSA, and PCL-BSA-GDNF solutions were pumped at the constant flow rate of 2 mL h À1 into electrospinning syringe in order to fabricate random and aligned scaffolds respectively. Random nanofibers were collected on top of an aluminum foil and aligned fibers were spun on a rotating drum as previously described. 45 Each scaffold (B10 mg total weight) was spun for 5 minutes and dried overnight. 
Morphological characterization
The nanofibers were characterized using scanning electron microscopy (SEM) (Hitachi S-4800 SEM). A standard SEM procedure was followed for obtaining high magnification images (20 000Â), including carbon coating the samples prior to imaging as previously reported. 45 The average fiber diameter was determined using Quartz-PCI Image Management Systems s software tools with x fibers being measured per sample.
In vitro release studies BSA encapsulation efficiency and release study. The encapsulation efficiency is the ratio of the encapsulated BSA inside scaffold to the amount of BSA originally added to the mixture. B10 mg of nanofibers were placed in conical tube containing 8 mL of DCM and mixed using a vortex mixer (Fisher Scientific, ON, Canada) for 2 minutes. 2 mL of PBS was added to the mixture and the solution was mixed for another 30 seconds. The resulting solution was centrifuged at 5000 rpm for 20 min, after which the PBS and protein solution was extracted from the tube. The concentration of BSA protein in the collected washes was measured using the Bio-Rad s Protein Assay following the Microtiter Plate Protocol. Release studies were conducted over 30 days to measure the release rate of BSA from the nanofibers. Initially, nanofibers were immersed in 1 mL of PBS and stored at 37 1C. Every 24 hours the nanofibers were washed by removing the PBS via a needle and syringe. The collected washes were then frozen (À20 1C) for future analysis and 1 mL of fresh PBS was added to each scaffold. The concentration of protein in the extracted solution was measured using the Bio-Rad s Protein Assay.
The BSA standard curve covered concentrations ranging from 8 mg mL À1 to 80 mg mL À1 . This assay measures the total amount of protein in the sample. The absorbance was measured using spectroscopy (Infinite M200 Pro Softmax Pro version 5.2) at 595 nm. To determine the concentration of protein present, the absorbance of the samples was compared to a standard curve generated from known concentrations of BSA. GDNF encapsulation efficiency and release study. In order to measure the encapsulation efficiency of GDNF for PCL-BSA-GDNF nanofibers, the protein was extracted using the same method detailed in the last section. Washes were collected every other day for 30 days to determine the release rates of GDNF from the nanofibers. The release samples were collected every other day to increase the amount of GDNF in each sample for easier detection. Concentrations of GDNF were determined by using an enzyme-linked immunosorbent assay (ELISA, Amgen procedure #A0195r04). 57 96 well plates were coated with monoclonal anti-GDNF antibodies in PBS (100 m per well) and the nonspecific binding sites were blocked by the milk protein solution. GDNF release samples and standards (100 m per well) were incubated in capture antibody coated for 1 h on a minishaker (VWR). Biotin conjugated polyclonal anti-GDNF antibody was used for detection, followed by incubation with streptavidin conjugated horseradish peroxidase. To determine the concentrations of protein present using colorimetric analysis, Sureblue Reserve substrate (KPL) was added to each well. The reaction was stopped using phosphoric acid and analyzed using an Infinite M200 plate reader at absorptions of 450 and 650 nm.
Bioactivity assay
In order to determine the bioactivity of released GDNF, undifferentiated PC12 cells were exposed to GDNF samples retrieved from release points at day 0, 10 and 30 as previously described. 45 Undifferentiated PC12 cells were grown in suspension using DMEM supplemented with 15% FBS at 37 1C and 5% CO 2 . Cells were passaged with a 22-gauge needle to separate cell clumps. 45 24-well tissue culture plates (Grenier) were first coated with PLO and then with laminin. 45 The plates were seeded with PC12 cells at a concentration of 20 000-60 000 cells per mL and exposed to the released GDNF at concentrations of 0.01 ng mL À1 and 1. to analyze bright field images of seeded PC12 exposed to GDNF washes with a 10Â objective. 24-well plates were placed inside the Incucyte and each well was scanned every 12 hours for a period of 10 days to study the kinetics of neurite growth. At the end of scanning schedule, images were analyzed using the IncuCyte s ZOOM NeuroTrack Software TM . Neurite length was calculated for each day of the 10 day time course and the maximum neurite length after 10 days was calculated.
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Stem cell culture and neuronal differentiation
HiPSCs were cultured on Vitronectin XFt coated surfaces in the presence of TeSRt-E8t media in 6 well plates to maintain pluripotency as previously described. [58] [59] [60] [61] Undifferentiated hiPSCs were subsequently removed and cultured into a single well of an Aggrewellt 800 plate in the presence of 2 mL of STEMdifft NIM. 58 During this process, the media was changed with 1.5 mL of fresh NIM every day. The resulting aggregate consists entirely of neural progenitors (after 5 days). Aligned scaffolds spun on coverslips were sterilized in using a Trans-UV 302 cleaner; GelDoc XR Bio-Rad s . Under aseptic conditions, the scaffolds were adhered to the bottom of each well in a 6-well polystyrene tissue culture plate. Individual neural aggregates were removed from suspension and seeded onto scaffolds. HiPSCs-derived neural progenitors were cultured on aligned PCL-BSA-GDNF nanofiber scaffolds for 12 days before image analysis. Neuronal differentiation of seeded cells was qualitatively assessed after 12 days by immunocytochemistry targeting the neuron-specific protein Tuj1 as previously published. 47, 58 Images were captured for green fluorescence and fluorescent images were acquired on a LEICA 3000B inverted microscope using an X-cite series 120Q fluorescent light source (Lumen Dynamics) coupled to a Retiga 2000R fast cooled mono 12-bit camera (Q-imaging).
Statistical analysis
Data are presented as mean values AE standard deviation of the mean. Statistical analysis was performed using STATISTICA 9 by applying a standard t-test to compare differences between experimental groups. Significance was considered at the p o 0.05 level.
Conclusions
In this study, the ability of random and aligned PCL electrospun nanofibers scaffold to release bioactive GDNF was investigated.
We were able to fabricate bead-free nanofibers containing clinical grade human GDNF while controlling scaffold topography. We achieved reasonable encapsulation efficiency of both BSA and GDNF into our nanofiber scaffolds (B30-50%). Controlled GDNF release from random and aligned PCL-BSA-GDNF nanofibers was observed over 30 days. PC12 cell neurite outgrowth confirmed the bioactivity of released GDNF from such nanofibers. The released GDNF from nanofibers initiated the neurite outgrowth as indicated by tracking extension over time. Finally, aligned scaffolds were able to support the adhesion and neuronal differentiation of hiPSCs-derived neural progenitors, making them a useful tool for tissue engineering applications. Such drug releasing scaffolds could serve as a novel approach for engineering artificial dura mater.
